Measurements of two-and four-particle angular correlations for charged particles emitted in pPb collisions are presented over a wide range in pseudorapidity and full azimuth. The data, corresponding to an integrated luminosity of approximately 31 nb −1 , were collected during the 2013 LHC pPb run at a nucleon-nucleon center-ofmass energy of 5.02 TeV by the CMS experiment. The results are compared to 2.76 TeV semi-peripheral PbPb collision data, collected during the 2011 PbPb run, covering a similar range of particle multiplicities. The observed correlations are characterized by the near-side (|∆φ| ≈ 0) associated pair yields and the azimuthal anisotropy Fourier harmonics (v n ). The second-order (v 2 ) and third-order (v 3 ) anisotropy harmonics are extracted using the two-particle azimuthal correlation technique. A four-particle correlation method is also applied to obtain the value of v 2 and further explore the multiparticle nature of the correlations. Both associated pair yields and anisotropy harmonics are studied as a function of particle multiplicity and transverse momentum. The associated pair yields, the four-particle v 2 , and the v 3 become apparent at about the same multiplicity. A remarkable similarity in the v 3 signal as a function of multiplicity is observed between the pPb and PbPb systems. Predictions based on the color glass condensate and hydrodynamic models are compared to the experimental results.
Introduction
Studies of multi-particle correlations play a major role in characterizing the underlying mechanism of particle production in high-energy collisions of protons and nuclei. Of particular interest in relativistic nucleus-nucleus (AA) collisions is the observed long-range (large |∆η|) structure in two-dimensional (2D) ∆η-∆φ correlation functions. Here, ∆φ and ∆η are the differences in azimuthal angle φ and pseudorapidity η =− ln[tan(θ/2)] between the two particles, where the polar angle θ is defined relative to the beam axis. One source of such long-range correlations is the "elliptic flow" induced by the hydrodynamic evolution of the lenticular collision zone in non-central nucleus-nucleus interactions [1] . Elliptic flow contributes a cos(2∆φ) component to the two-particle correlation function over a broad |∆η| range [2] . The studies of elliptic flow have been carried out over a wide range of energies and collision systems [3] [4] [5] [6] [7] [8] [9] [10] [11] .
After subtracting the elliptic flow component, a pronounced correlation structure at |∆φ| ≈ 0 (near-side) extending over large |∆η| remains in AuAu collisions at the Relativistic Heavy Ion Collider (RHIC) [12] [13] [14] [15] . Such long-range near-side correlations are not reproduced by models of nucleon-nucleon interactions such as PYTHIA, and are not observed in pp collisions at RHIC energies. A variety of theoretical models were proposed to interpret this residual long-range near-side correlation as a consequence of jet-medium interactions [16] [17] [18] [19] [20] [21] . However, it was later realized that, because of event-by-event fluctuations in the initial-state collision geometry [22] [23] [24] , higher-order anisotropic flow components could also be induced, in particular the "triangular flow" which contributes a cos(3∆φ) component [25] [26] [27] [28] [29] [30] . Therefore, the observed long-range ∆η correlations in AA collisions can, in general, be attributed to the collective expansion of a strongly-interacting medium. The detailed azimuthal correlation function is typically characterized by its Fourier components, ∼ 1 + 2 ∑ n v 2 n cos(n∆φ), where v n denote the single-particle anisotropy harmonics [31] . In particular, the second (elliptic) and third (triangular) Fourier harmonics are assumed to most directly reflect the medium response to the initial collision geometry and to its fluctuations, respectively. Detailed studies of elliptic and triangular flow provide insight into fundamental transport properties of the medium [26, 27, 32] . The long-range correlations and anisotropy Fourier harmonics have also been extensively studied in PbPb collisions at the Large Hadron Collider (LHC) [9] [10] [11] [33] [34] [35] [36] [37] .
Recently, a similar long-range near-side correlation structure (without subtraction of any flow component) was observed in the highest particle multiplicity proton-proton (pp) [38] and protonlead (pPb) [39] collisions at the LHC. In pPb collisions, the overall strength of the near-side correlation is found to be significantly greater than in pp collisions. The away-side (|∆φ| ≈ π) correlations contain substantial contributions from the back-to-back jets, and thus have not been the focus of these initial studies. A procedure for removing the jet correlations on the away side by subtracting the correlations for very-low-multiplicity data was recently introduced [40, 41] , and used to study the long-range correlations in pPb on both near and away sides using the anisotropy Fourier harmonics. Evidence of such correlations was also found recently in 200 GeV deuteron-gold collisions at RHIC [42] . While hydrodynamic flow is the commonly accepted explanation of such long-range correlations in the AA collision systems, a variety of theoretical models have been proposed to explain the origin of this phenomenon in small collision systems like pp (see Ref. [43] for a recent review) and pPb. Such models include gluon saturation in the initial interaction of the protons and nuclei [44, 45] and hydrodynamic effects in the high-density systems possibly formed in these collisions at TeV energies [46, 47] . Since hydrodynamic flow is intrinsically a multi-particle phenomenon, it can be probed more directly using multi-particle correlation (or cumulant) techniques [48] rather than with twoparticle correlations. In particular, two-particle correlations, arising from jet production, are expected to be strongly suppressed using the multi-particle method. A measurement of an elliptic flow signal using the four-particle cumulant method in pPb collisions was recently presented [49] .
To provide further constraints on the theoretical understanding of the particle production mechanisms in different collision systems, this paper presents a detailed analysis of two-and fourparticle angular correlations in pPb collisions at √ s NN = 5.02 TeV. This 2013 data set, especially with the implementation of a dedicated high-multiplicity trigger, provides a much larger sample of very-high-multiplicity pPb events. Therefore, correlations can be explored up to a multiplicity comparable to that in mid-central PbPb collisions (e.g., ∼55% centrality, where centrality is defined as the fraction of the total inelastic cross section, with 0% denoting the most central collisions). The two-particle long-range correlation data are presented in two different but closely-related approaches: the near-side associated yields, which characterize the absolute yield of correlated particle pairs, and anisotropy harmonics (v 2 and v 3 ), which provide a measurement of relative correlation magnitude with respect to the uncorrelated background.
To further investigate the multi-particle nature of the correlations, a four-particle cumulant analysis is also performed for determining the v 2 harmonic. Both the associated yields and anisotropy harmonics are studied as a function of particle multiplicity and transverse momentum, providing a direct comparison of pPb and PbPb collision systems over a broad range of similar multiplicities.
Experimental Setup
The CMS detector comprises a number of subsystems and a detailed description can be found in Ref. [50] . The results in this paper are mainly based on the silicon tracker information. This detector, located in the 3.8 T field of the superconducting solenoid, consists of 1 440 silicon pixel and 15 148 silicon strip detector modules. The silicon tracker measures charged particles within the pseudorapidity range |η| < 2.5, and provides an impact parameter resolution of ≈15 µm and a transverse momentum (p T ) resolution better than 1.5% up to p T ≈ 100 GeV/c. The electromagnetic calorimeter (ECAL) and hadron calorimeter (HCAL) are also located inside the solenoid. The ECAL consists of 75 848 lead-tungstate crystals, arranged in a quasiprojective geometry and distributed in a barrel region (|η| < 1.48) and two endcaps that extend to |η| = 3.0. The HCAL barrel and endcaps are sampling calorimeters composed of brass and scintillator plates, covering |η| < 3.0. Iron/quartz-fiberČerenkov hadron forward (HF) calorimeters cover the range 2.9 < |η| < 5.2 on either side of the interaction region. The detailed Monte Carlo (MC) simulation of the CMS detector response is based on GEANT4 [51] .
Selections of Events and Tracks
This analysis is performed using data recorded by CMS during the LHC pPb run in 2013. The data set corresponds to an integrated luminosity of about 31 nb −1 , assuming a pPb interaction cross section of 2.1 barns. The beam energies were 4 TeV for protons and 1.58 TeV per nucleon for lead nuclei, resulting in a center-of-mass energy per nucleon pair of 5.02 TeV. The direction of the higher energy proton beam was initially set up to be clockwise, and was then reversed. As a result of the energy difference between the colliding beams, the nucleon-nucleon center-ofmass in the pPb collisions is not at rest with respect to the laboratory frame. Massless particles emitted at η cm = 0 in the nucleon-nucleon center-of-mass frame will be detected at η = −0.465 (clockwise proton beam) or 0.465 (counterclockwise proton beam) in the laboratory frame. A sample of 2.76 TeV PbPb data collected during the 2011 LHC heavy-ion run, corresponding to an integrated luminosity of 2.3 µb −1 , is also analyzed for comparison purposes.
Minimum bias (MB) pPb events were triggered by requiring at least one track with p T > 0.4 GeV/c to be found in the pixel tracker for a pPb bunch crossing. Because of hardware limits on the data acquisition rate, only a small fraction (∼10 −3 ) of all minimum bias triggered events were recorded (i.e., the trigger was "prescaled"). In order to select high-multiplicity pPb collisions, a dedicated high-multiplicity trigger was implemented using the CMS level-1 (L1) and high-level trigger (HLT) systems. At L1, the total transverse energy summed over ECAL and HCAL was required to be greater than a given threshold (20 or 40 GeV). Online track reconstruction for the HLT was based on the three layers of pixel detectors, and required a track origin within a cylindrical region of length 30 cm along the beam and radius 0. In the offline analysis, hadronic collisions were selected by requiring a coincidence of at least one HF calorimeter tower with more than 3 GeV of total energy in each of the HF detectors. Events were also required to contain at least one reconstructed primary vertex within 15 cm of the nominal interaction point along the beam axis and within 0.15 cm transverse to the beam trajectory. At least two reconstructed tracks were required to be associated with the primary vertex. Beam related background was suppressed by rejecting events for which less than 25% of all reconstructed tracks were of good quality (i.e., the tracks selected for physics analysis as will be discussed later).
The pPb instantaneous luminosity provided by the LHC in the 2013 run resulted in approximately 3% probability of at least one additional interaction occurring in the same bunch crossing, resulting in pileup events. A procedure for rejecting pileup events was developed to select clean, single-vertex pPb collisions. The approach was to investigate the number of tracks, N best trk that is assigned to the best reconstructed vertex (e.g., the one with the greatest number of associated tracks), and N add trk assigned to each of the additional vertices, as well as the distance between the two vertices in the z direction (∆z vtx ). Based on studies using low pileup pPb data (from the 2012 pilot run), PbPb data, and MC simulations, events with N add trk above a certain threshold at a given ∆z vtx were identified as pileup events and removed from the event sample. This threshold was set to be higher for smaller ∆z vtx and larger N best trk to account for the fact that events with a smaller vertex separation and greater multiplicity have a higher probability of vertex splitting in the reconstruction algorithm. The residual pileup fraction was estimated to be no more than 0.2% for the highest multiplicity pPb interactions studied in this paper.
Among those pPb interactions simulated with the EPOS [52] and HIJING [53] event generators, which have at least one primary particle with total energy E > 3 GeV in both η ranges of −5 < η < −3 and 3 < η < 5, the above criteria are found to select 97-98% of the events.
In this analysis, the CMS highPurity [54] tracks were used. Additionally, a reconstructed track was only considered as a primary-track candidate if the significance of the separation along the beam axis (z) between the track and the best vertex, d z /σ(d z ), and the significance of the impact parameter relative to the best vertex transverse to the beam, d T /σ(d T ), were each less than 3. The relative uncertainty of the transverse-momentum measurement, σ(p T )/p T , was required to be less than 10%. To ensure high tracking efficiency and reduce the rate of misidentified tracks, only tracks within |η| < 2.4 and with p T > 0.3 GeV/c were used in the analysis (a different p T cutoff of 0.4 GeV/c used in multiplicity determination due to constraint of online processing time at HLT).
The events were divided into classes of reconstructed track multiplicity, N offline trk , where primary tracks with |η| < 2.4 and p T > 0.4 GeV/c were counted, in a method similar to the approach used in Refs. [38, 39] . Data from the HLT minimum bias trigger were used for N offline In order to compare directly the pPb and PbPb systems using event selections based on the multiplicity of the collisions, a subset of data from peripheral PbPb collisions collected during the 2011 LHC heavy-ion run with a minimum bias trigger were reanalyzed using the same track reconstruction algorithm as the one employed for pp and pPb collisions. The selection of events and tracks is the same as for the present pPb analysis although a different trigger is used. A description of the 2011 PbPb data can be found in Ref. [55] . The average N offline trk and N corrected trk values, and corresponding average PbPb collision centrality, as determined by the total energy deposited in the HF calorimeters [9] , are listed in Table 1 for each N offline trk bin. 
Two-Particle Correlation Function
The two-particle correlation functions are constructed following the procedure established in Refs. [33, 34, 39] . For each track multiplicity class, "trigger" particles are defined as primary charged tracks within a given p trig T range. The number of trigger particles in the event is denoted by N trig . Particle pairs are formed by associating each trigger particle with the remaining charged primary particles from a specified p assoc T interval (which can be either the same or different from the p trig T range). The per-trigger-particle associated yield is defined as
where ∆η and ∆φ are the differences in η and φ of the pair. The signal pair distribution, S(∆η, ∆φ), represents the yield of particle pairs normalized by N trig from the same event,
The mixed-event pair distribution,
is constructed by pairing the trigger particles in each event with the associated particles from 10 different random events in the same 2 cm wide z vtx range and from the same track multiplicity class. Here, N mix denotes the number of pairs taken from the mixed events. The ratio B(0, 0)/B(∆η, ∆φ) accounts for the random combinatorial background as well as for pairacceptance effects, with B(0, 0) representing the mixed-event associated yield for both particles of the pair going in approximately the same direction and thus having full pair acceptance (with a bin width of 0.3 in ∆η and π/16 in ∆φ). The signal and background distributions are first calculated for each event, and then averaged over all the events within the track multiplicity class. The range of 0 < |∆η| < 4.8 and 0 < |∆φ| < π is used to fill one quadrant of the (∆η, ∆φ) histograms, with the other three quadrants filled (for illustration purposes) by reflection to cover a (∆η, ∆φ) range of −4.8 < ∆η < 4.8 and −π/2 < ∆φ < 3π/2 for the 2D correlation functions, as will be shown later in Fig. 2 .
Azimuthal Anisotropy Harmonics from Two-and Four-Particle Correlations
The azimuthal anisotropy harmonics are determined from a Fourier decomposition of longrange two-particle ∆φ correlation functions,
as described in Refs. [33, 34] , where V n∆ are the Fourier coefficients and N assoc represents the total number of pairs per trigger particle for a given (p trig T , p assoc T ) bin. The first three Fourier terms are included in the fits to the dihadron correlation functions. Including additional terms has a negligible effect on the results of the Fourier fit. A minimum |∆η| of 2 units is applied to remove short-range correlations from jet fragmentation. The elliptic and triangular anisotropy harmonics, v 2 {2, |∆η| > 2} and v 3 {2, |∆η| > 2}, from the two-particle correlation method can be extracted as a function of p T from the fitted Fourier coefficients,
Here, a fixed p ref T range for the "reference particles" is chosen to be 0.3 < p T < 3.0 GeV/c. The second-order elliptic harmonic, v 2 {4}, is also determined from a four-particle cumulant analysis using the Q-cumulant method described in Ref. [48] . A reference flow v 2 {4} is first determined by correlating four particles within the tracker acceptance |η| < 2.4 and in a p ref
where the reference four-particle cumulant, c 2 {4}, is calculated as,
Here, φ 1 , φ 2 , φ 3 , φ 4 are the azimuthal angles of four different particles in an event, and · represents the average over all particles from all events within a given multiplicity range.
With respect to the reference flow, the differential v 2 {4}(p T ) as a function of p T is then derived via
where the differential four-particle cumulant, d 2 {4}(p T ), is calculated by replacing one of the four reference particles in Eq. (7) by a particle from a particular p T region. An ∆η requirement is not applied in the four-particle cumulant analysis since short-range two-particle correlations are inherently minimized by applying this multi-particle method.
Corrections and Systematic Uncertainties
In performing the correlation analyses, each reconstructed track is weighted by a correction factor, described in Refs. [33, 34] . This factor accounts for the reconstruction efficiency, the detector acceptance, and the fraction of misreconstructed tracks. Detailed studies of tracking performance based on MC simulations and collision data can be found in Ref. [56] . The combined geometrical acceptance and efficiency for track reconstruction exceeds 60% for p T ≈ 0.3 GeV/c and |η| < 2.4. The efficiency is greater than 90% in the |η| < 1 region for p T > 0.6 GeV/c. For the entire multiplicity range (up to N offline trk ∼ 350) studied in this paper, no dependence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks remains at the 1-2% level.
Based on the studies in Ref. [56] , the total uncertainty of the absolute tracking efficiency is estimated to be 3.9%. This translates directly into a 3.9% systematic uncertainty of the extracted associated yields, while the v n values are insensitive to it. Systematic uncertainties due to track quality requirements are examined by varying the track selections for d z /σ(d z ) and d xy /σ(d xy ) from 2 to 5. The results of both associated yields and v n are found to be insensitive to these track selections within 2%. A comparison of high-multiplicity pPb data for a given multiplicity range but collected by two different HLT triggers with different trigger efficiencies shows an agreement within 1%. Possible contamination of residual pileup events is also investigated. By varying the z vtx range in performing the analysis, the pileup probability is expected to vary by The event-by-event variation of track multiplicity within a given multiplicity bin width is found to have an effect on the four-particle cumulant analysis, especially for the low-multiplicity region. The c 2 {4} values calculated directly for a multiplicity bin width of 30 show a large discrepancy from those derived first using a smaller bin width (e.g., 2 or 5) and then averaged over the same wider bin, as illustrated for pPb data in The different systematic sources described above are added in quadrature to obtain the overall systematic uncertainty, shown as boxes in Figs. 5-11. Table 1 . For both high-multiplicity systems, in addition to the correlation peak near (∆η, ∆φ) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation structure), a pronounced long-range structure is seen at ∆φ ≈ 0 extending at least 4.8 units in |∆η|. This structure was previously observed in high-multiplicity (N offline trk ∼ 110) pp collisions at √ s = 7 TeV [38] and pPb collisions at √ s NN = 5.02 TeV [39] [40] [41] . The structure is also prominent in AA collisions over a wide range of energies [2, 12-15, 33, 34, 36, 37] . On the away side (∆φ ≈ π) of the correlation functions, a long-range structure is also seen and found to exhibit a magnitude similar to that on the near side for this p T range. In non-central AA collisions, this cos(2∆φ)-like azimuthal correlation structure is believed to arise primarily from elliptic flow [31] . However, the away-side correlations must also contain contributions from back-toback jets, which need to be accounted for before extracting any other source of correlations. To investigate the observed correlations in finer detail and to obtain a quantitative comparison of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in ∆φ are found by averaging the signal and background 2D distributions over |∆η| < 1 (defined as the "short-range region") and |∆η| > 2 (defined as the "long-range region") respectively, as done in Refs. [33, 34, 38, 39] . The correlated portion of the associated yield is estimated using an implementation of the zero-yield-at-minimum (ZYAM) procedure [57] . In this procedure, the 1D ∆φ correlation function is first fitted by a second-order polynomial in the region 0.1 < |∆φ| < 2. The minimum value of the polynomial, C ZYAM , is then subtracted from the 1D ∆φ correlation function as a constant background (containing no information about correlations) such that its minimum is shifted to have zero associated yield. The statistical uncertainty in the minimum level obtained by the ZYAM procedure, combined with the deviations arising from the choice of fit range in |∆φ|, gives an absolute uncertainty of ±0.003 in the associated event-normalized yield that is independent of multiplicity and p T . right. The curves show the Fourier fits from Eq. (4), which will be discussed in detail later. The pPb and PbPb yields show a similar correlation structure and a similar evolution of this structure with p trig T over a wide range of p trig T . As illustrated in Fig. 2 , while the near-side long-range signal varies only by a small amount over almost 5 units in ∆η, the short-range region shows a strong ∆η dependence. Therefore, the ∆φ correlation functions in the shortrange region of Figs. 3 and 4 reflect the contributions of both jet fragmentation and long-range correlations. For N offline trk < 20, no near-side correlations are observed in the long-range region of either pPb or PbPb data.
Results

Correlation Functions
Integrated Associated Yields
The strength of the near-side correlations for short-and long-range regions can be further quantified by integrating the event-normalized associated yield from The jet yield (Fig. 5b) increases with p trig T in both pPb and PbPb as would be expected if higherenergy jets, which fragment into more final-state particles, are selected by requiring higher-p trig T particles. In striking contrast to the jet yields, the p trig T dependence of the long-range yields (Fig. 5a) show an initial rise, reaching a maximum at p T ≈ 2-3 GeV/c, followed by a falloff with values consistent with zero for p [34] , as well as calculations from the Color Glass Condensate (CGC) theory (curves) [58] , are also shown.
The jet yield (shown in Fig. 6b ) as a function of multiplicity increases by a factor of two as N offline trk increases from 0 to 60. It then rises moderately by 20-30%, for 60 ≤ N offline trk < 350, the limit of this measurement. This demonstrates that by selecting high-track-multiplicity PbPb and pPb events, there is no significant bias to stronger jet-like correlations (at least for the p T range of 1-2 GeV/c). It was previously observed in Ref. [39] that the long-range yield as a function of multiplicity only becomes significant at N offline trk ∼ 40-50, followed by a monotonic rise with N offline trk in pp and pPb collisions. In this paper, the measurement of the long-range yield (Fig. 6a ) in pPb collisions is extended to a significantly wider multiplicity range. A direct comparison to the pp [38] and PbPb collision systems is also provided. The PbPb long-range yield is found to become significant for N offline trk 40-50, similar to the pp and pPb results. For both pPb and PbPb data, the long-range yields continue increasing with multiplicity up to N offline trk ∼ 350. The long-range yield in PbPb is about a factor of two larger than in pPb, and a factor of eight larger than in pp at a given multiplicity and p trig T value. In contrast to the weak multiplicity dependence of jet-like correlations shown in Fig. 6b at higher values of N offline trk , a monotonic increase of the magnitude of the long-range yield with the overall event multiplicity is observed in all three collision systems.
In the framework of the color-glass condensate model, the long-range correlation structure in pPb collisions has been attributed to initial-state gluon correlations, where the contribution of collimated gluon emissions is significantly enhanced in the gluon saturation regime [44, 45, 58] . This model qualitatively describes the increase in the long-range yield for higher-multiplicity events as shown in Fig. 6a , where three different initial proton saturation scales are assumed for the pPb system. Since the calculations depend on saturation scales for both protons and lead nuclei, the data provide valuable constraints on the multiplicity dependence of these parameters in the model.
Fourier Harmonics v n
Long-range correlations in pPb collisions have also been predicted in hydrodynamic models [46] where a collective hydrodynamic expansion of the system with fluctuating initial conditions is assumed. To compare with hydrodynamic predictions of the long-range correlations in pPb collisions, the elliptic (v 2 ) and triangular (v 3 ) flow harmonics are extracted from a Fourier decomposition of 1D ∆φ correlation functions, v 2 {2, |∆η| > 2} and v 3 {2, |∆η| > 2}, for the long-range region (|∆η| > 2) as shown in Figs. 7 and 8 , respectively. To further reduce the residual nonflow correlations on the away side, a four-particle cumulant analysis is also used to extract the elliptic flow, v 2 {4}, as shown in Fig. 7 . As mentioned in Section 1, the multi-particle correlation technique has the advantage of suppressing short-range jet-like correlations compared to two-particle correlations. It thus provides a cleaner measurement of the long-range correlations of collective nature involving many particles from the system. As seen in Fig. 7 , the magnitude of the v 2 signal is found to be larger in PbPb than in pPb by about 30% for p T < 2 GeV/c (the near-side long-range yield is related to v 2 2 as suggested in Eq. (4), and thus differs by a larger factor between the two systems as shown in Fig. 6) . The difference between the v 2 {2, |∆η| > 2} and v 2 {4} results could be, a consequence of event-byevent fluctuations in the flow signal or nonflow correlations, as believed to be the case in PbPb collisions [59] . The v 3 {2, |∆η| > 2} component, shown in Fig. 8 , reaches the same maximum value for the two systems but has a much smaller magnitude than v 2 {2, |∆η| > 2} over the entire p T range investigated here. The p T dependencies of both the v 2 and v 3 coefficients are similar, with peak values at 2-3 GeV/c range for PbPb and slightly higher for pPb. The ellipticand triangular-flow components predicted by the hydrodynamic calculation of Ref. [46] for pPb collisions at √ s NN = 4.4 TeV and for p T < 2.5 GeV/c are also shown, and compared to the high- multiplicity pPb data in Figs. 7 and 8. The calculations have little collision energy dependence, and assume the number of participating nucleons to be larger or equal to 18, approximately corresponding to the top 4% central pPb events. However, contributions from event-by-event fluctuations of the flow signal around its average value are not accounted for in the calculations. Therefore, the v 2 calculated in Ref. [46] is expected to lie between the values from the two-and four-particle correlation methods [59] . Detailed studies of v 2 using various techniques in PbPb collisions at √ s NN = 2.76 TeV by CMS can be found in Ref. [9] .
As mentioned above, the residual jet-like correlations on the away side of the two-particle correlation function could contribute to the extracted v n {2, |∆η| > 2} signal, and thus induce a systematic uncertainty in the quantitative comparison to hydrodynamic calculations. Assuming that the jet-induced correlations are invariant with event multiplicity in pPb collisions, the ALICE [40] and ATLAS [41] experiments proposed to subtract the results of low-multiplicity events, where the long-range correlation signal is not present, from those of high-multiplicity events. While further justification of this assumption is still required, a similar procedure is applied in this paper for comparison purposes. The Fourier coefficients, V n∆ , extracted from Eq. (4) for N offline trk < 20 (corresponding to the 70-100% lowest-multiplicity events for pPb) are subtracted from the data in the higher-multiplicity region:
where Y jet represents the near-side jet yield. The ratio, Y jet /Y jet (N offline trk < 20), is introduced to account for the enhanced jet correlations due to the selection of higher-multiplicity events seen in Fig. 6b . This procedure is tested using the HIJING model, where there are no final-state interactions of jets in pPb collisions. The residual V sub n∆ in HIJING after subtraction is found to be less than 5%. The low-multiplicity-subtracted v 2 {2, |∆η| > 2} and v 3 {2, |∆η| > 2} (limited to p T < 2 GeV/c for v 3 due to the low statistical precision of the low-multiplicity data) are shown as dash-dotted curves in Figs. 7 and 8. After applying the subtraction procedure, the results at low p T remain almost unchanged, while a reduction is seen in v 2 for higher p T particles. This is consistent with the observation of stronger jet-like correlations at higher p T in Fig. 5b . The CMS data are compared to the measurement by the ATLAS experiment for an event multiplicity class (selected based on the total transverse energy measured with 3.1 < η < 4.9 in the direction of the Pb beam) comparable to 120 ≤ N offline trk < 150 used in the CMS analysis, after subtracting the 50-100% lowest-multiplicity data. The v 2 {2} and v 3 {2} data measured by the ALICE experiment for the 0-20% highest-multiplicity pPb collisions [40] are also shown in Figs. 7 and 8 . Results from all three experiments are consistent within quoted uncertainties. . This is consistent with the monotonic rise of the associated yield as a function of multiplicity shown in Fig. 6 , which is mainly driven by the increase of total number of pairs per trigger particle, as indicated in Eq. (4). Similarly to Figs. 7 and 8, the PbPb data show a larger v 2 signal than observed for the pPb data over a wide multiplicity range, while the magnitude of v 3 {2, |∆η| > 2} is remarkably similar for both systems at the same event multiplicity. This similarity of the triangular flow is not trivially expected within a hydrodynamic picture since the initial-state collision geometry is very different for the pPb and PbPb systems. loss of a v 2 {4} signal indicates either the absence of collective effects for very-low-multiplicity collisions, or the breakdown of the four-particle cumulant technique in the limit of a small number of particles. The procedure of subtracting the low-multiplicity data to attempt to remove jet correlations is also performed here and shown as dash-dotted curves in Figs. 9 and 10. The v 3 {2, |∆η| > 2} values become larger after subtraction, especially for the lowmultiplicity region, due to the fact that V 3∆ extracted for N offline trk < 20 is negative. The resulting v 2 {2, |∆η| > 2} and v 3 {2, |∆η| > 2} are found to remain almost unchanged after subtraction in the high-multiplicity region (i.e., for N offline trk > 200). This is expected since, for a given associated yield from jet correlations, the contribution to v n {2} is suppressed by 1/ √ N offline trk as the multiplicity increases, as indicated by Eq. (4). Therefore, the higher-multiplicity events provide a much cleaner environment for studying the long-range correlations. Figure 11 shows the comparison of v 2 {2, |∆η| > 2} and v 2 {4} results as a function of multiplicity from CMS, averaged over 0.3 < p T < 3 GeV/c, with those obtained by the ATLAS experiment, averaged over 0.3 < p T < 5 GeV/c with the data from the 2012 pPb run. The AT-LAS v 2 {2, |∆η| > 2} values have the contribution from the 50-100% lowest multiplicity data subtracted, while the corresponding CMS data, shown as a curve in Fig. 11 , use the 70-100% lowest multiplicity events for the subtraction. The difference in the low-multiplicity events used for the subtraction could explain the slight discrepancy in the resulting v 2 {2, |∆η| > 2} data from the two experiments. The v 2 {4} values from ATLAS are systematically higher than the CMS data. This may be accounted for by the multiplicity fluctuation effect discussed previously (e.g., Fig. 1 ), although the discrepancy is not large with respect to the uncertainties.
Finally, the magnitude of event-by-event v 2 fluctuations is estimated from the difference in the v 2 {2, |∆η| > 2} and v 2 {4} results. If hydrodynamic flow is the dominant source of the correlations, the relative v 2 fluctuations can be approximated by [59] . [49] . The error bars correspond to statistical uncertainties, while the shaded areas denote the systematic uncertainties.
LHC is comparable to the value measured in 200 GeV AuAu collisions at RHIC [60] . As a consequence of possible residual nonflow correlations from back-to-back jets on the away side in the v 2 {2, |∆η| > 2} measurement, these results should be considered as upper limits on the flow fluctuations.
Summary
Detailed studies of two-and four-particle azimuthal correlations have been performed in pPb collisions at √ s NN = 5.02 TeV by the CMS experiment. The new measurements extend previous CMS two-particle correlation analyses in pPb collisions to a significantly broader particle multiplicity range. A direct comparison of the correlation data between pPb and PbPb collisions was presented as a function of particle multiplicity and transverse momentum. The observed correlations were quantified in terms of the integrated near-side associated yields and azimuthal anisotropy Fourier harmonics (v n ). For both pPb and PbPb collisions, elliptic (v 2 ) and triangular (v 3 ) flow Fourier harmonics were extracted from long-range two-particle correlations. Furthermore, the elliptic flow was studied with a four-particle cumulant analysis, where multi-particle correlations can be directly investigated.
For a fixed p assoc T range, the long-range yield and anisotropy harmonics show similar trends as a function of p trig T , first increasing and then decreasing with a maximum at p trig T ≈2-3 GeV/c in both pPb and PbPb collisions. For pPb collisions, the long-range associated yield rises mono-tonically with particle multiplicity. Correspondingly, the v 2 harmonics obtained from the twoand four-particle correlation analyses show only a weak multiplicity dependence. Comparing the pPb and PbPb systems at the same multiplicity and p T , the long-range yield and v 2 signals are found to have a larger magnitude in PbPb than in pPb, while the v 3 signal has a remarkably similar magnitude in both systems. In addition, the long-range yield, v 2 obtained from the four-particle method, and v 3 all become apparent at about the same multiplicity. The comprehensive correlation data presented in this paper, spanning a very wide range in particle multiplicity and transverse momentum, should provide significant insights into the origin of the azimuthal correlations in small collision systems, particularly in the context of the hydrodynamic and color glass condensate models.
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